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ABSTRACT 


Single  crystals  of  the  spinel  GeFe^O^,  grown  by  the  chemical  vapor 

transport  technique,  are  p-type  semiconductors  with  an  acceptor  ionization 

energy  of  0.39  eV.  The  material  is  a heavily  compensated  band-type  semi- 

14  " ^ 

conductor,  with  a typical  hole  concentration  of  10  cm  near  room 

2 

temperature,  and  a temperature  independent  Hall  mobility  of  2 cm  /Vs. 

Optical  absorption  measurements  show  the  optical  band  gap  to  be  ^2.3  eV; 
the  octahedral  field  splitting  of  the  Fe^*  d- levels  is  10200  cm  Magnetic 
measurements  show  that  is  5.26,  from  which  a trigonal  field  splitting 

of  950  cra"^  is  derived. 
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INTRODUCTION 

The  experimental  study  of  the  electrical  properties  of  transition  metal 
oxides  is  beset  by  three  main  problems;  (1)  The  requirement  of  homogeneous 
single  crystals,  (2)  the  difficulty  in  interpreting  Hall  effect  measure- 
ments in  magnetically  ordered  materials,  and  (3)  the  striking  influence 
of  minor  variations  in  the  actual  chemical  composition.  These  difficulties 
have  been  pointed  out  in  many  studies  of  oxides  with  the  rock  salt  or 
the  spinel  structure,  recently  reviewed  by  Parker  (1). 

Previously  studied  spinels  were  mixed-valency  systems  of  the  type 
M^*^Fe^*Fe2*0^,  where  the  conduction  mechanism  is  best  described  by  electrons 
hopping  between  B-site  Fe^^  and  Fe^^  ions  (2).  No  spinels  without  mixed 
valencies  on  the  B-sites  have  been  studied  so  far.  On  the  other  hand, 
not  all  transition  metal  oxides  are  hopping  semiconductors,  as  has  been 
shown  for  Li-doped  NiO  (3). 

We  report  here  the  study  of  a stoichiometric  spinel  oxide,  GeFe20^. 

This  compound  is  a normal  spinel  (4).  Magnetic  and  Mossbauer  studies 
have  shown  that  it  is  anti  ferromagnetic  with  Tj^  = lOK  (5-7).  Its  I.R. 
(vibrational)  spectrum  has  been  measured  (8);  all  these  studies  used 
polycrystalline  samples.  Neither  crystal  growth  nor  the  electrical  properties 
have  been  reported  so  far.  We  describe  here  the  preparation  of  single 
crystals  of  CeFe20^,  its  optical  spectrum  in  the  visible  and  near  I.R., 
and  its  electrical  properties.  Our  results  show  that  the  crystals  are  low 
mobility  band-type  semiconductors. 
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EXPERIMENTAL 


Single  Crystal  Preparation 

Polycrystalline  GeFe20^  was  obtained  by  solid  state  reaction  between 
appropriate  mixtures  of  GeO^,  ('Jo^^^son-Matthey)  and  Fe  (Leico  ) , 

previously  heated  in  hydrogen.  The  mixture  was  heated  in  evacuated  silica 
tubes  for  40  hours  at  800°C,  then  24  hours  at  950°C  with  intermittent 
grinding. 

Crystals  were  grown  by  chemical  vapor  transport  in  evacuated  silica 
tubes  (12  mm  I.D.,  15-20  cm  long),  using  a 2-2one  furnace.  The 

3 

transporting  agent  was  TeCl^  (1.0  mg/cm  ),  introduced  as  metallic  Te 
and  gaseous  Cl^.  Special  attention  was  paid  to  corrosion  problems. 

The  silica  tubes  were  reheated  to  the  softening  point  before  use;  they 
were  P'otectod with  an  inner  carbon  coating  obtained  by  pyrolysis  of 
acetone,  and  outgassed  before  sealing.  Finally,  the  growth  zone  was 
cleaned  in  situ  by  back  transport  for  20  hours. 

After  thermal  equilibrium  was  established  in  the  tube  at  920°C,  the 
transport  was  allowed  to  proceed  by  decreasing  slowly  the  growth  zone 
temperature  ('v2®C/hr)  to  TbO^C.  Reproducible  results  were  obtained  using 
different  furnaces  under  the  actual  conditions  listed  in  Table  II.  The 
transport  rate  was  a/i.s  mg/hr.  Attempts  at  temperatures  higher  than  930°C 
showed  a sharp  increase  in  the  reaction  of  the  charge  with  the  silica  tubes. 

After  slow  cooling,  the  crystals  were  removed  from  the  tubes  and 
washed  in  1 M hydrochloric  acid  in  order  to  dissolve  any  condensed  chloride 
or  TeO^,  and  finally  rinsed  with  distilled  water  and  ethanol. 
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Measurement  Procedures 


The  density  was  measured  by  a hydrostatic  technique  (9)  using 
1-methyldecalin  as  the  density  fluid,  calibrated  with  a high-purity 
silicon  crystal . 

Both  powders  and  ground  single  crystals  of  GeFe20^  were  analyzed  by 
slow-scan  (0.25°/min)  x-ray  diffraction  with  a Si  internal  standard.  A 
Norelco  x-ray  diffractometer  with  a high  intensity  Cu  source 


^^CuKa  ~ 1.5405A)  and  a graphite  monochromator  in  the  diffracted  beam 
was  used. 

The  magnetic  susceptibility  of  ground  single  crystals  was  determined 
in  the  temperature  range  55-300  K using  a Faraday  balance  previously 
described  (10)  and  calibrated  with  platinum.  The  maximum  field  value 
was  10.5  kOe. 

For  optical  measurements,  thin  slices  were  carefully  cut  and 
ground  from  single  crystals  (final  polishing  with  lam  alumina).  Only 
two  crystals  yielded  useful  samples,  because  of  the  extreme  difficulty 
of  polishing  the  brittle, thin  crystals.  The  optical  absorption  was 
measured  with  a single-beam  instrument  using  the  sample-in,  sample-out 
method. 

The  d.c.  conductivity  and  Hall  effect  were  determined  by  the  Van 

der  Pauw  technique  (11)  with  readouts  on  a Keithley  610  electrometer 
14 

(input  impedance  10  J2) . Contacts  made  with  ultrasonically  applied 


Indalloy  (No.  3)  were  found  to  be  ohmic  under  our  experimental  conditions 
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RESULTS  AND  DISCUSSION 

a)  Single  Crystals 

The  chemical  transport  technique  produced  octahedral  crystals,  with 

edges  up  to  4 mm  (Figure  1).  Bulky  crystals  appeared  black,  but  thin 

and  crushed  ones  were  light  brown  in  color,  in  contrast  with  powdered 

GeFe20^  obtained  from  solid  state  reaction,  which  is  black,  probably 

because  of  traces  of  Fe^^  as  in  Fe,  0. 

1-x 

Structural  results  are  summarized  in  Table  I.  The  structure  and 
cell  parameter  from  Durif  (4)  were  confirmed.  We  note  that  small 
amounts  of  Fe^^,  if  present  at  all,  cannot  be  detected  by  x-ray  diffraction 
since  the  cell  parameters  of  GeFe20^  and  (12)  differ  by  less  than 

O 

0.2%.  A value  of  8.408A  was  reported  for  natural  GeFe20^  (Brunogeirite) , 
which  contains  a,10%  (13). 

b)  Magnetic  Susceptibility 

Our  magnetic  susceptibility  results  are  very  similar  to  those  obtained 
by  Blasse  (5)  with  a non-linear  variation  of  vs.  T below  '\/110K,  where 
we  observe  a slight  field  dependence  of  x-  Experimental  asymptotic 
Curie  temperatures  and  effective  numbers  of  Bohr  magnetons  (ng££)  are 
I given  in  Table  I. 

As  there  is  spin-orbit  coupling  in  Fe^^,  n^££  is  related  to  the 
trigonal  field  splitting  5 of  the  t2g  levels  of  B-site  cations.  This 
allows  a further  comparison  of  magnetic  results  with  6 values  obtained  from 
Mossbauer  spectra,  as  discussed  by  Hartmann- Bout ron  (14).  Values  of  6, 
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calculated  using  Hartmann- Boutron ' s assumptions,  are  presented  in  Table  I, 
which  shows  a good  agreement  between  our  results  and  the  Mossbauer  6 
value.  The  difference  between  Blasse's  and  our  results  may  be  due  to  the 
lower  Fe^*  content  of  our  samples. 


c)  Optical  Absorption 


The  optical  absorption  coefficient  of  GeFe^O^  (uncorrected  for 
reflectivity  losses)  in  the  range  500  - 1200  nm  is  shown  in  Figure  2. 
We  ascribe  the  broad  band  peaking  at  980  nm  (10200  cm"^)  to  the 


5 5 2 + 

->■  crystal -field  transition  of  the  Fe'^^  ion,  octahedrical ly 

coordinated  with  oxygen.  This  is  in  good  agreement  with  the  band  observed 

at  10400  cm'^  for  Fe(H20)^^'^  (15). 

The  sharply  rising  absorption  edge  at  550  nm  suggests  the  onset 

of  a band-to-band  transition;  the  corresponding  value  of  the  optical 

band  gap  is  therefore  j 2.3  eV. 


d)  Conductivity  and  Hall  Effect 

The  conductivities  of  single  crystals  of  GeFe^O^  were  measured  in 
the  range  200  - 320  K,  corresponding  to  a values  ranging  from  10*^  to  10^  (fJem) 
typical  a vs.  T ^ curve  is  given  in  Figure  3.  All  measurements  fitted 


0 = 0 exp  (-  — ) 
kT 


the  relationship 
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Values  of  p(295K)  and  of  different  series  of  crystals,  as  well  as  actual 

conditions  of  growth  are  given  in  Table  II.  Good  agreement  is  observed 

between  p and  E of  various  crystals,  either  from  the  same  transport 
0 

experiment  or  from  different  tubes.  Values  obtained  for  crystals 
from  strongly  attacked  growth  tubes  (grown  at  higher  temperatures  or 
without  inner  surface  protection)  show  the  striking  influence  of  impurities 
upon  both  p and  E^.  The  lower  value  of  obtained  in  series  3,  which  was 
grown  for  a much  longer  time  than  other  ones,  may  be  due  to  similar  contamination 

Discrepancies  in  the  absolute  values  of  p are  mainly  due  to  the 
uncertainties  on  the  thickness  of  the  samples,  which  were  not  in  the 
ideal  flat  plate  shape.  Measurements  on  inner  and  outer  parts  of  one 
sliced  crystal  were  in  good  agreement. 

The  measured  Hall  constants  were  found  to  be  independent  of  the 
applied  field  up  to  7 kOe  (Figure  4,  inset).  We  note  that  our 
measurements  were  performed  in  a temperature  region  far  above  the 
magnetic  ordering  range  (T/T^^  > 25).  The  sign  of  the  Hall  effect 
indicated  p-type  conduction.  Measured  values  of  the  hole  concentration 
p = (eRjj)'^  and  of  the  Hall  mobility  P|j  = oR^^  are  shown  in  Figures  3 
and  4.  We  found  that  p is  thermally  activated,  with  an  activation 
energy  E^j  very  close  to  E^  (Figure  3);  consequently,  is  essentially 

independent  of  T in  the  range  250-320  K. 

In  previously  studied  spinels  (1),  the  conduction  was  ascribed  to 

small  polarons  hopping  between  cations  of  different  valencies  on  the 

B sites.  In  such  a hopping  model,  the  drift  mobility  is  very  small 

6 2 f 2 1 

(experimental  value  for  holes  in  cobalt  ferrite:  1.4  10~  cm  /Vs) ^ ^ 
and  thermally  activated;  the  carrier  concentration  is  basically  temperature 
independent.  The  Hall  mobility,  although  not  equal  to  the  drift  mobility, 
should  also  be  very  small  and  thermally  activated.  In  contrast,  in 
GeFc20^,  it  is  the  carrier  concentration  p that  is  thermally  activated, 

7 

and  the  Hall  mobility  is  well  above  the  limit  ('v  0.1  cm  /Vs  (3))  below  which 
hopping  conduction  may  take  place. 
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We  therefore  conclude  that  GeFe^O^  is  a band  conductor;  the  low 
mobility  may  be  due  to  a narrow  valence  band  and/or  large  polaron  formation, 
as  has  been  found  in  p-type  NiO  (3) . 

Two  further  possibilities  arise  in  the  case  of  band  conduction. 

In  nearly  intrinsic  conduction,  the  activation  energies  of  the  conductivity 
(E^)  and  of  the  Hall  constant  (Ej^)  should  be  equal  to  Eg/2.  Our  data 
show  E^  = Ejj  <<  Eg/2.  Furthermore,  the  purity  required  for  intrinsic 
conduction  at  room  temperature  is  unlikely  to  be  reached. 

Extrinsic  p-type  conduction  requires  the  presence  of  acceptors  A, 
which  ionize  according  to 

A = a'  + p 

In  real  crystals,  the  acceptors  are  partly  compensated  by  ionized  donors 
or  positively  charged  defects  D"^.  If  and  are  the  total  concentration 
of  acceptors  and  donors,  = [A]  + [A  ] , and  charge  neutrality  requires 
that 

[A’]  = Np  + p 

From  the  acceptor  ionization  equilibrium,  we  obtain: 

[A]  E. 

p = B exp  ) 

[A‘]  kT 


where  E^  is  the  ionization  energy  of  acceptors,  B their  spin  degeneracy, 
and  Nythe  density  of  states  in  the  valency  band  (16).  Rearranging  A,  A' 


and  N , we  obtain; 

V 


P = 


- (P  + Np) 
(P  ^ Np) 


3 6 (i, ' T 

■"o 


exp  ) 
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15  -3  ” 2 

where  a is  a numerical  constant  equal  to  4.832  10  cm  K , and 
★ 

(m  /m  ) is  the  relative  effective  mass  of  holes, 

p o 

This  equation  can  be  further  simplified,  depending  on  the  degree  of 
compensation;  in  the  lightly  compensated  case,  we  have  <<p,  whereas 
in  the  heavily  compensated  case  >>p.  Resulting  equations  are  compared 
in  Table  III,  together  with  the  experimental  values  for  p vs.  T relation- 
ships. In  the  further  calculation  of  or  N^/N^,  we  have  assumed  6=2 

•k 

and  m^  = m^;  the  order  of  magnitude  of  these  values  is  certainly  correct, 

★ 

and  the  main  conclusions  are  not  changed  if  the  assumed  6 and  "ip/niQ 
values  are  varied. 

Evaluating  our  data  according  to  the  light  compensation  case  leads  to 

unreasonable  values  of  and  E^;  compared  to  the  total  Fe^^  concentration 

22  -3  22  -3 

in  GeFe^O^  (2.7  10  cm  ) , an  acceptor  concentration  of  1.5  10  cm 

is  unacceptable.  Moreover,  0.81  eV  is  an  unrealistically  large  value  for 

an  acceptor  ionization  energy.  The  parameters  obtained  assuming  the  heavy 

compensation  case  appear  much  more  acceptable;  the  ionization  energy 

is  now  0.39  eV,  and  a compensation  ratio  of  0.10  is  not  unusual.  With 
14  -3 

p = 10  cm  at  room  temperature  there  seems  to  be  no  difficulty  in 
satisfying  the  basic  assumption  > p for  the  heavy  compensation 

case . 

We  have  no  actual  information  as  to  the  nature  of  the  acceptors 
and  compensators.  However,  we  think  it  likely  that  the  acceptors  are 
Fe^*  ions  on  the  spinel  B sites,  whereas  the  compensators  probably  are 
traces  of  Cl  incorporated  during  the  crystal  growth  or  charged  oxygen 


vacancies . 


I 
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I 

I 

The  observed  mobility  is  intermediate  between  the  very  small  values 

J observed  for  hopping  conductors  and  the  larger  values  observed  in  wide 

L 

band  semiconductors  (17).  Our  values  are  of  the  same  order  of  magnitude 
as  those  observed  in  p-type  NiO  (3).  In  that  case,  the  small  mobility 
values  have  been  attributed  to  the  formation  of  large  polarons  by 
the  holes,  and  a similar  condition  may  exist  in  GeFe^O^. 


I 


11 


CONCLUSION 


The  chemical  vapor  transport  technique  allowed  the  growth  of  pure, 

light  brown  single  crystals  of  the  iron  (II) -spinel  GeFe20^.  Magnetic 

and  optical  measurements  confirmed  the  splitting  of  B-sites  Fe^*  d levels; 

experimental  values  are  10200  cm  ^ for  the  octahedral  crystal  field 

splitting,  and  950  cm  ^ for  the  trigonal  field  splitting.  The  crystals 

were  p-type  semiconductors  with  an  optical  band  gap  5 2.3  eV. 

Conductivity  and  Hall  effect  measurements  showed  that  the  acceptor 

ionization  energy  is  0.39  eV,  and  that  the  mobility  is  moderatly 
2 

low  ('V  2 cm  /Vs)  and  independent  of  temperature  . A consistent  interpretation 
of  the  data  is  obtained  by  applying  the  model  of  a heavily  compensated 
band-type  semiconductor.  GeFe^O^  differs  in  that  respect  from  previously 
reported  hopping-type  spinels;  its  electronic  properties  are  analogous 
to  antiferromagnetic  NiO  at  high  temperatures. 
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Preparation 


Fe  + Fe_0. 
3 4 


+Ge02 

900°C 


Cell  Parameter  (A) 


8.411 


Density  (g/cm  ) 


Asymptotic  Curie  Temp.  (K) 
Effective  Magnetic  Moment 
(in  Bohr  magnetons) 


Trigonal  Field  Splitting 

of  Fe^*  t-  levels  (cm"^) 
2g  ^ 


1020 
(Mossb. ) 


I Fe  + F®2^3  * 
j gso'c 

! + vapor  transport 

I 

I 

i via  TeCl. 

! ^ 

8.4118  ± 0.0001 

j 

j 

calc.  5.54 
meas.  5.51 


: -15 

i 

j 

-25 

! 5.40 

i 

5.26 

! 600 

950 

i 

I (magn.) 

(magn.) 

1 Fe  + Fe.,0 
1 ^ 

+ GeO^ 

i 1000°C 


Crystal 

Growth 

Series 

Transport 

Temp. 

(°C) 

Duration 
of  Growth 

1 

Resistivity 
at  295  K 
(D  cm) 

Activation  Energy  (eV) 

Conductivity 

Hall  Const. 

1 

925/760 

10  days 

1.5  10^ 

0.370 

1.4  10^ 

0.386 

2 

920/745 

12  days 

1.3  10^ 

0.406 

4 

9.6  10 

0.396 

3 

900/730 

20  days 

2.6  10^ 

0.355 

4 

910/745 

11  days 

2.6  10^ 

0.435 

2.4  10^ 

0.450 

5 

925/760 

11  days 

4 

7.6  10 

0.421 

0.442 

6 

910/740 

11  days 

1.4  10^ 

0.406 

7 

920/745 

12  days 

4 

3.5  10 

0.418 

0.422 

Crystal: 

s from  strongly  attacked  tubes 

1 2 

10-10 

0.05-0.15 

(magn . ) 
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TABLE  III 


Basic  assumption 


p vs.  T (theory) 


Fitted  values 


Assuming 


B = 2 


m'  = m 
P o 


RESULTS  WITH  EXTRINSIC  MODEL 


Light  Compensation 


\ » P » % 


- ^ ^A 

pT  = C^  exp*-  2kT-' 


111  m*  T 

P „ 2 2 2 ( -E.  )'^ 

Cj  = Na  a B m^  J 


E.  O.ol  eV 
A 


Cj  = 1.21  10^^  (c.g.s.) 


22  -3 

N = 1.5  10^  cm 
A 


Heavy  Compensation 


\ » Np  » p 


2 f-  — 

pT  = C^  ex^  kT 


N.-Np,  m* 
{— — f-^) 


= 0.39  eV 
A 


C^  = 8.32  10^^  (c.g.s.) 


= 0.105 


N>|  W 
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Figure  1 


Figure  2 


Figure  3 


Figure  4 


FIGURE  CAPTION  SHEET 


Monocrystalline  sample  of  GeFe^O^  grown  by  chemical  vapor 
transport  (series  7). 

The  optical  absorption  spectrum  of  GeFe20^  at  room  temperature 
(crystal  from  series  3,  thickness  57^5  ym) . 

The  conductivity  (+)  and  hole  concentration  ( • ) of  GeFe^O^ 
as  a function  of  temperature  (crystal  from  series  7) . 

Temperature  dependence  of  the  Hall  mobility  of  GeFe^O^ 
(crystal  from  series  7)  ; inset:  variation  of  the  Hall  voltage 
with  applied  magnetic  field. 
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